Abstract Voluntary intake of proteins of various qualities in relation to dietary protein utilization was investigated in growing and adult rats. The rats were given two diets, one containing high protein and the other no protein, and were allowed to self-select protein and energy intakes freely from both diets. The results showed that total food intake (protein diet plus protein-free diet) and body weight gain were similar among five proteins tested. However, the amount of protein consumed by the growing rats per 100 g of total food intake (i.e., dietary protein level) was different depending upon the protein qualities, that is, wheat gluten (WG) 44 g, casein (CA) 30 g, soy protein (SP) 21 g, lactalbumin (LA) 19 g, and amino acid mixture simulating egg protein (AA) 11 g. Net protein utilization (NPU), estimated as the proportion of protein intake that is retained in the body, was as follows : WG, 20 %; CA, 33 %; SP, 44 %; LA, 50 %; and AA, 74 %. From the above figures, net dietary protein value, which is a measure of utilizable protein in the diet, was calculated by multiplying the dietary protein level by NPU. In contrast to the difference in protein intake, net dietary protein value was quite constant in spite of large differences in the dietary protein quality, being 8 to 10 %. A similar relationship between protein intake and protein utilization was obtained also with adult rats, except that the net dietary protein value was smaller in adult rats than in growing rats. These results may suggest that the animals can regulate the intake of dietary protein to keep the amount of protein available for the body constant.
tiplicity of factors, such as gastrointestinal, metabolic, hormonal, neural, psychological, and genetic ones, are involved. Generally, dietary deficiencies of essential nutrients such as vitamins and minerals depress food intake (LEPKOVSKY, 1948) . Also the quantity and quality of proteins in the diet is known to affect food consumption. Thus, when given either a very low or high protein diet, amino acid-imbalanced diet or a diet deficient in, or with an excess of, a single essential amino acid, rats show a low food intake (HARPER et al., 1970) .
Animals must control not only energy balance but also the balances of all essential nutrients suitable for normal growth, survival and reproduction. As for protein; when the intake is lowered, the nitrogen equilibrium is still achieved at the new level of intake if it is not too low (HEGSTED, 1964) . However, in severe restriction of dietary protein, body protein would be lost (MCCANCE and WIDDOWSON, 1968) . Accordingly, control of protein intake as well as nitrogen output must participate in the maintenance of body protein. In fact, RozIN (1968) found that rats adjusted their protein intake in response to dietary protein dilution even when the diet was adulterated with quinine. MUSTEN et al. (1974) also demonstrated that weanling rats, given two diets differing only in protein content, selected a constant proportion of one diet over the other, that is, a constant proportion of dietary protein intake to total food intake indicating the rat's ability to self-select protein intake. ASHLEY and ANDERSON (1975a) concluded from the study of amino acid supplementation that the protein intake by young rats was not related to the nutritional quality of the protein given.
The purpose of the present study is to examine further the rat's ability to self-select protein intake from a nutritional point of view using a greater variety of proteins of different qualities. We measured voluntary protein intake in relation to dietary protein utilization in growing and adult rats given two diets containing high protein and no protein. The results clearly showed that the protein intake of rats was so adjusted as to maintain the amount of protein available for body protein synthesis constant.
MATERIALS AND METHODS
Male rats were housed individually in wire-bottom suspended cages in a room maintained at 23±1°C with a 12-hr light-dark cycle. Animals were given a control diet containing 11.3 % lactalbumin before the start of experimental diets or training for self-selection regimens. The control diet consisted of (g/kg) 150 lactalbumin, 480 a-cornstarch, 240 sucrose, 50 corn oil, 50 mineral mixture,' 10 vitamin mixture,' and 20 cellulose powder. Fresh diet and tap water were given acid, 3,000; D-biotin, 2; folic acid, 20; calcium pantothenate , 500; p-amino benzoic acid, 500; niacin, 600; inositol, 600; choline chloride, 20,000; retinyl acetate (IU) , 50,000; ergocalciferol (IU), 10,000; tocopheryl acetate, 500; menadione, 520.
contents (Nx 6.25) were 80.3, 75.4, 84.1, 83.6, and 77.1 %, respectively. The protein-free diet was mixed with half its weight of water immediately before use and was made into a dough to make it easier to eat and to avoid spilling of food. Amino acid mixture, lactalbumin, and soy protein diets were given in gel form. These diets were mixed with 3.3 parts of hot 1.5 % agar solution (10 parts of 3.3 of agar solution for soy protein) with vigorous stirring and then promptly poured into trays chilled on ice and covered with a layer of vinyl over which ice water was poured. These diets were prepared every 2 to 3 days and were refrigerated until use. The casein diet was made into a dough with sodium bicarbonate solution on the day of use. The gluten diet was kneaded with a small quantity of water. Experiment 2. In order to examine whether the two feeding methods, selfselection and fixed feeding had different influences on the total food intake, body weight gain, body composition, and protein utilization, rats were fed fixed protein diets containing the same amounts of protein selected by the rats in experiment 1. Growing rats of the same weight as in experiment 1 were divided into five groups of 6-7 rats each and given the following diets ad libitum for 3 weeks (expressed as g of protein per 100 g of diet) ; 11 % amino acid mixture diet, 19 % lactalbumin diet, 21 % soy protein diet, 30 % casein diet, and 44 % wheat gluten diet.
Experiment 3. To investigate the effect of aging on feeding behavior, we extended experiment 1 to adult rats of the Wistar strain weighing about 250 g. They were put on self-selection regimens with lactalbumin, casein, or wheat gluten as a protein source for 3 weeks. The diets and procedures were as in experiment 1.
RESULTS

Experiment 1
Voluntary intake of protein increased sharply during the first and second week and showed rather constant at the end of the third week (Fig. 1) . The weight of protein intake expressed as the percentage of total food intake (the sum of the intakes of protein diet and protein-free diet) shown by the growing rats given amino acid mixture (AA), soy protein (SP), casein (CA), and wheat gluten (WG) increased from 6, 6, 11, and 26 % on day 1 of the experimental diet to 10, 22, 24, and 42 % on day 7, . respectively, but that of rats given lactalbumin (LA) remained about 16 % during the first week. Protein intake in the AA group was similar to that in the control group given 11.3 % lactalbumin diet except for the first few days of the experiment.
The average food intakes and body weight gains in 3 weeks were similar to those of control rats in all experimental groups, except the casein group, which showed significantly greater food intake (p<0.01) and body weight gain (p<0.05) ( Table 1) . In contrast to total food intake, protein intake differed greatly depending on the protein quality, ranging from 1.6 g/day with AA to 6.4 g/day with WG. Accordingly, the average protein levels (the weight of protein intake expressed as the percentage of the weight of total food intake) chosen by growing rats were 11, 19, 21, 30, and 44 % with AA, LA, SP, CA, and WG, respectively. Reflecting the quality of the proteins used, there was a wide difference in net protein utilization (NPU) determined by carcass nitrogen analysis ( Table 2 ). The NPUs of AA, LA, SP, CA, and WG were 74, 50, 44, 33, and 20, respectively. However, the net dietary protein calories percent (NDpCals %) (MILLER and PAYNE, 1961) , calculated by multiplying the dietary protein calories percent by NPU, were very constant irrespective of the protein quality (The dietary protein calories percent means the metabolizable energy derived from protein in the diet expressed as a percentage of the total metabolizable energy). The average NDpCals % with the five proteins selected by growing rats was 9.9 %, which was similar to control value.
Experiment 2 Body weight gain was similar in all groups irrespective of the protein quality (Table 3 ). There was no significant difference in food intake, although the LA group was slightly lower than in other groups (Table 3 ). The feeding method did not influence the total food intake appreciably, although the food intakes with AA, LA, and CA were slightly less with the fixed protein diets than with the self-selection regimens in experiment 1. As the protein level of each diet was fixed according to the results in experiment 1, nitrogen intake was higher in the WG group than in the AA group. The nitrogen intakes with the self-selection regimen (experiment 1) and fixed protein feeding (experiment 2) were comparable, except with SP, where the nitrogen intake was greater with fixed protein feeding. Although the NPU was different for different proteins in fixed feeding as well as the self-selection regimen, values were similar with the two feeding methods. Furthermore, the feeding methods did not have consistent effects on the carcass composition (Table 4) . rats given LA, CA, and WG (experiment 1). Although similar tendencies were observed in the efficiencies of protein utilization of adult and growing rats, the NPUs were much lower in adult rats for the respective proteins (Tables 2 and 5 ). In contrast to the protein calories percent, the NDpCals % was very constant among dietary groups (8.4-8.6 %) in spite of the great difference in protein utilization (Table 5 ). The NDpCals % obtained with adult rats was lower than with growing rats (8.5 % versus 9.9 %, p<0.01).
DISCUSSION
Earlier observations (RoziN, 1968 ; MUSTEN et al., 1974) suggested the existence of regulation of protein intake in the rat. We confirmed it in both growing and adult rats using greater variety of proteins of different quality, that is, amino acid mixture simulating egg protein, lactalbumin, soy protein, casein, and wheat gluten. Our results showed wide variation of protein intake by growing rats depending upon the protein source, ranging from 1.6 g/day with amino acid mixture to 6.4 g/day with wheat gluten. In contrast, total energy intake was similar in all groups being about 52 kcal/day resulting in comparable weight gains. Similar results were obtained with adult rats. The finding that rats ate about four times more wheat gluten (NPU = 20) than amino acid mixture (NPU = 74) indicates that rats can maintain normal growth by adjusting their protein consumption according to the quality of the protein without changing total energy intake. However, if a protein is deficient in one or more essential amino acids, rats may not respond in the same way as with wheat gluten: when given gelatin or zein diet (in which tryptophan is completely deficient) with protein-free diet, rats ate protein-free diet preferentially and lost weight (unpublished results). ASHLEY and ANDERSON (1975a) concluded from the results obtained by supplementing deficient amino acids to gluten, zein, and casein that protein selection of rats was not related to the nutritional quality of the protein given. However, in this study we found that although the protein calories percent selected by the rats and their net protein utilization (NPU) varied depending on the dietary protein source, the net dietary protein calories percent (NDpCals %) was very constant.
Protein intake seems to be regulated as to maintain the supply of available protein to the body constant. The NDpCals % was about 10 % in growing rats and about 8.5 % in adult rats. The present finding that the NDpCals % selected by growing rats was higher than that selected by adult rats is consistent with the recommended allowances of protein for human subjects, which give lower NDpCals % for adults than for children (JOINT FAO/WHO Ad Hoc EXPERT COMMITTEE, 1973). These observations may be related to the fact that the requirement for total essential amino acids decreases with age more sharply than does the total nitrogen requirement.
The average protein level selected by growing rats was highest with wheat gluten, being 44 % (Table 1) . By consuming more protein than the other groups, the rats given wheat gluten could show comparable weight gain with control. However, the intake of wheat gluten was less at the beginning of the self-selection regimen (Fig. 1) . The protein intake increased daily and the protein levels of all groups became rather stable after 3-7 days. This period coincides with the time of increased CO2 production from labeled amino acids in rats fed high protein diets (PENG et al., 1974) and also with the time required for induction of amino acid catabolizing enzymes in the liver (ANDERSON et al., 1968) . These observations suggest that the rats could not consume enough protein for normal growth until they could rapidly metabolize excess amino acids supplied by high protein intake. Casein is deficient in sulphur amino acids and contains only 56 % of those in egg protein. To compensate for this deficiency, consumption of casein must be 1.8 times that of an amino acid mixture simulating egg protein. However, growing rats given casein selected 2.7 times more protein than those given an amino acid mixture (30 % versus 11 %). The reason why rats chose a higher protein level than the established requirement level of casein (COMMITTEE ON ANIMAL NUTRITION, 1972) is not clear. Food and protein intake is controlled by many factors and feeding behavior of animals is influenced by the physicochemical properties of food as well as the physiological needs of the body. SCOTT and QUINT (1946) found no difference in appetite of rats for casein, fibrin, and lactalbumin, except for egg white in which it was low.
In this study, we made a dough of casein dissolved in 1.5 parts of 1.33 sodium bicarbonate solution (ratio of casein to NaHCO3, 1: 50), and the rats ate this well as described above. However, when three times more concentrated solution was used, half the animals did not eat casein and failed to grow. Moreover, we found that rats would scarcely eat any dry gluten powder but ate it well when it was kneaded into a dough with a half volume of water. A similar observation was made by LAT (1967) that rats ate significantly more casein soaked for a standard period in water than dry casein. Thus, physicochemical properties of foodstuffs, such as their texture, water content, and taste and smell certainly affect feeding behavior (LYTLE, 1977) .
Although food intake and body weight gain of rats on self-selection of lactal-bumin were comparable with those on 11.3 % fixed lactalbumin diet of control, the protein level chosen by self-selecting rats was much higher being 19 %. Thus the rats seemed to consume more protein than was necessary for normal growth. SCRIMSHAW (1977) estimated that the protein requirement of man was 8.6 % expressed as the proportion of energy from high quality protein to total energy in the diet. Making adjustment for the average protein quality of ordinary foods, this would become 9-10 %. However, the actual intake of protein in most areas of the world is 10-12 % of the total energy. The disparities between the value for requirement obtained in the laboratory and the actual consumption by humans and between the protein levels on a fixed protein diet and on self-selection regimen in the present study indicate that animals, including humans, normally consume substantially more protein than the minimum requirement to maintain constant protein turnover in the body. Animals normally utilize some amino acids derived from dietary protein as energy sources even when protein intake is restricted (KIMURA and ASHIDA, 1968) and 100 % utilization of dietary protein for protein synthesis may be exceptional.
Although there is considerable evidence that protein and energy intakes are regulated independently, the underlying control mechanisms are not understood. The area of the brain involved in regulation of protein intake has yet to be determined and the signal that transmits the amount of protein eaten or the amino acid pattern of the dietary protein is still controversial. The ventromedial hypothalamus appears not to be essential in regulation of normal protein intake . ROGERS and LEUNG (1973) suggested that the prepyriform cortex and medial amygdala are involved in the response of rats to diets low in, or devoid of, a single essential amino acid, but not those high in leucine or protein. NODA and CHIKAMORI (1976) demonstrated that ammonia acting on the prepyriform cortex may play a role in depressing food intake due to amino acid imbalanced diet.
The brain controls the selection of food and how much to eat, and conversely the quality and quantity of the food eaten may affect brain function (WuRTMAN and FERNSTROM, 1974) . Thus, the diet consumed may determine the subsequent choice of food by modifying the production of neurotransmitters. Consistent with this idea, ASHLEY and ANDERSON (1975b) found a negative correlation between the plasma ratio of tryptophan to five neutral amino acids and protein intake in rats on a self-selected protein level. Furthermore, they demonstrated decreased protein intake in rats given tryptophan-enriched diets and suggested the involvement of brain serotonergic neurons in protein-feeding behavior (ASHLEY et al., 1979) .
The present study demonstrated that the intakes of various proteins available for body nitrogen retention were similar in spite of wide differences in their quality. RADCLIFFE and WEBSTER (1976) observed identical rates of protein deposition in fatty and lean female Zucker rats given diets of different protein contents and they concluded that both phenotypes ate to sustain their maximal rate of protein deposition. MUSTEN et al. (1974) speculated that the nitrogen concentration in the carcass might serve as a signal for protein intake. Whatever the mechanisms of how the brain monitors the protein nutritional status of the body, animals seem to control protein intake to maintain body protein deposition constant.
